Abstract Aromatic hydrocarbons and n-alkanes were analyzed in shellfish collected from 13 different sites along the Egyptian Red Sea coast. All samples were analyzed for n-alkanes (C 8 -C 40 ) and polycyclic aromatic hydrocarbons (EPA list of PAHs). n-Alkanes in shellfish samples from 13 locations were found to be in the range of 71.0-701.1 ng/g with a mean value of 242.2 ± 192.1 ng/g dry wt. Different indices were calculated for the n-alkanes to assess their sources. These were carbon preference index (CPI), average chain length (ACL), terrigenous/aquatic ratio (TAR), natural n-alkane ratio (NAR) and proxy ratio (P aq ). Most of the collected samples of n-alkanes were discovered to be from natural sources. Aromatic hydrocarbons (16 PAHs) from 13 sites varied between 1.3 and 160.9 ng/g with an average of 47.9 ± 45.5 ng/g dry wt. Benzo(a)pyrine (BaP), a cancer risk assessment, was calculated for the PAHs and resulted in ranges between 0.08 and 4.47 with an average of 1.25 ng/g dry wt. 
Introduction
Polycyclic aromatic hydrocarbons (PAHs) and n-alkanes are marine environment chronic constituents and their concentrations have considerably increased due to anthropogenic activities. This caused undesirable effects, especially in coastal areas adjacent to highly populated urban zones. n-Alkanes consist of saturated and straight carbon chains of C 6 -C 40 which contain even and odd carbon numbers that indicate anthropogenic and natural sources of hydrocarbon. The United Nation Environmental Program (UNEP) gave guidelines to identify the levels of harmless (<10 lg/g) and harmful (>10 lg/g) n-alkanes in marine sediment.
PAHs are organic compounds that result from the partial combustion of organic matter (pyrolytic), and oil and its derivative (petrogenic) sources. Pyrogenic PAHs are characterized by the occurrence of PAHs that carry a heavy set of molecular weights, while petroleum hydrocarbons are dominated by PAHs of the lowest molecular weight (Neff, 1979) . They are widely dispersed in the marine environment, particularly in harbors, dockyards, marinas, estuaries and other shallow coastal areas with anthropogenic inputs (El Nemr, 2005 , 2008 , 2011 . PAHs have been subjected to remediation studies and risk assessment, due to their mutagenic and carcinogenic effects. Therefore, PAHs tend to swiftly be absorbed into the particles and fat tissues of filtrating organisms like mussels and oysters (Zemanek et al., 1997) . PAHs are easily absorbed by living beings Due to their high octanol/water partition coefficient (K ow ). PAHs can be metabolized into compounds that are detectable in fluids and can be used as biomarkers of the exposure to the PAHs (Nudi et al., 2010) . The evaluation and comparison levels of PAHs and their temporal changes in a marine coastal region are very important from an environmental point of view (El Sikaily et al., 2003; Salem et al., 2014) . Mussels have been widely used for the monitoring of toxic pollutant levels in coastal environment (Saad et al., 2015) .
The aim of the present work is to investigate the precedence of n-alkanes and PAHs in the collected shellfish from the Red Sea coast (Egypt) and also, to determine the most polluted regions, diagnose the sources of these pollutants and calculate the cancer risk assessment of these compounds to draw a complete picture of the pollution in these regions and then try to find the best way for treatment.
Materials and methods
The sampling cruise took place in August 2011, that covered about 1700 km (Fig. 1) . 13 sampling locations were selected to coverage the studied area. The collected shellfish species and their lipid and water contents are listed (Table 1 ). There was a wide variation of collected species due to the diversity of the environmental conditions and the biodiversity of the sampling locations. Flesh of the shellfish samples of similar species in each site was scraped out of the shell and dissected. All the soft tissues of the 30-40 individual shellfish were mixed well into a composed sample and then dried in an open oven at 50°C. The dried sample (5 g) was extracted in methanol (200 ml) for 8 h with Soxhlet extractor. 0.8 M KOH (15 ml) and distilled water (25 ml) were added to the extraction. Then the reflux continued for two more hours to saponify the lipids. The mixture obtained was extracted three times with n-hexane (50 ml, each) in a separatory funnel. The n-hexane was then combined and sodium sulfate anhydrous was added, filtered and finally concentrated under vacuum down to about 10 ml at 40°C, followed by a concentration using nitrogen gas streaming 1 ml volume. A column chromatography was prepared using silica gel (10 g), followed by aluminum oxide (10 g) and finally 1 g of sodium sulfate anhydrous (Kelly et al., 2000; El Nemr et al., 2004 .
The concentrated extract (1 ml) was sequentially eluted with 25 ml of n-hexane belonging to the fraction of n-alkaines (F1), then 50 ml of dichloromethane-n-hexane (1:9) belonging to the PAHs fraction (F2). The two fractions (F1 and F2) were concentrated to 1 ml each for the GC-MS analysis.
The blanks of 500 ml of solvent that were used were concentrated to 1 ml and then analyzed by gas chromatography as previous reported by El . Gas chromatography Shimadzu Class LC-10 equipped with Shimadzu Autoinjector, split/splitless injector and a fused silica capillary B-5 (30 m, 0.32 mm, 0.17 lm) 100% dimethylpolysiloxane. The temperature was programed from 60 to 300°C with a rate of 5°C min À1 and was then maintained at 300°C for 25 min.
The injector and detector temperatures were set at 280 and 300°C, respectively. Helium was used as the carrier (1.5 ml min À1 ) and nitrogen as the make-up (60 ml min À1 ) gas. 2 lL volume of each sample was injected in the split mode (10:1) and the purge time was one minute. Identification and quantification of 16 PAH compounds were based on matching their retention time with a mixture of PAH standards. Compound identification was confirmed by GC coupled to mass spectrometry (Trace DSQ II Ms. with capillary column: Thermo TR-35 MS Mass Selective Detector).
To validate the analytical method used in this study and the accuracy of the results, 6 analyses were made on the PAH compounds in the reference materials, IAEA -406 (organochlorine compounds, petroleum hydrocarbons in tuna homogenate sample). The recovery efficiencies ranged from 95.22% to 98.93% for IAEA -406 (Table 2) .
Results and discussions

Distribution and sources of n-alkanes
The sampling locations for the shellfish and their types are listed in Table 1 and the concentrations of n-alkanes are showed in Fig. 2 . n-Alkanes (C 8 -C 40 ) were found to be in the range of 71.0-701.1 ng/g with a mean value of 242.2 ± 192.1 ng/g dry wt. These results were higher than those obtained by our previous study (El Nemr et al., 2004) in which the total n-alkane concentration in the bivalve tissues from the Red Sea varies in the range of 8-425 ng/g dry wt. These values were lower than those reported for the Arabian Gulf and the Gulf of Oman, which ranged from 810-5300, 1200, 1600-2100 and 1600-6300 ng/g dry wt. (Tolosa et al., 2005) . The shellfish collected from the location of Marsa Alam were found to be the most polluted (701.1 ng/g dry wt.), while those collected from the location of Shalateen Rahaba were the least polluted (71.0 ng/g dry wt.). The variation in nalkanes contents may be due to the anthropogenic sources (shipping activities, industrial discharges and sewage) and the inputs from natural sources (microbial activity, submerged or floating macrophytes and emergent terrestrial plants, OyoIta et al., 2010) .
Aquatic algae (both micro-and macro-algae) and photosynthetic bacteria are dominated by the C 15 , C 17 , and C 19, whereas, the vascular plants dominated by C 27 , C 29 , and C 31 n-alkanes. The n-alkanes abundance in them reflects the sources of organic matter (Choudhary et al., 2010) . Table 3 shows the total n-alkanes (C 8 -C 40 ) concentration and the diagnostic criteria that is useful for the origins identification of the n-alkanes. The long-chain n-alkanes (LHC, >C 23 ) was found to contain higher concentrations than the short-chain n-alkanes (SHC, <C 23 ). As for the distribution patterns, they showed large contributions from even (C 26 , C 28 , C 30 ) and odd carbons (C 27 , C 29 , C 31 ) (Fig. 3) . For LHC n-alkanes, the C 27 and C 29 are diagnostic of waxes from trees and shrubs while the n-C 31 is diagnostic of grass waxes (Jeng, 2007) . The ratios of LHC/SHC showed values ranging from 0.62 to 6.35 (Table 3 ). The ratios obtained for Safaga (1) and (2) were at high values (6.33-6.35) and were dominated by higher plant and/or macrophyte waxes, whereas samples from Quseir, Shalateen Rahaba, Ras Suder and Suez (A) showed low values (0.62-1.88) and were dominanted by phytoplankton-derived organic matter (Commendatore et al., 2012) . Samples from the rest of the stations reported intermediate values, suggesting a mixture of both input sources with no particular dominant trend (Oyo-Ita et al., 2010; El Nemr et al., 2013) . The anthropogenic source may be petroleum and/or from recycled organic matter washed by rains or from effluents of treatment plants. The biogenic sources may be algae, plankton, marine animals, bacteria or terrestrial vascular plants (Commendatore et al., 2012) .
A number of indices were calculated to identify the hydrocarbon sources found in the shellfish samples collected from the 13 different locations, and they were:
Carbon preference index (CPI) representing the predominance of odd over even n-alkanes (Allan and Douglas, 1977) :
Terrigenous aquatic ratio (TAR) quantifying the in situ algal vs. terrestrial organic matter (Bourbonniere and Meyers, 1996) :
A proxy ratio (P aq ) quantifying the different plant types (e.g. submerged vs. emergent plant types) (Ficken et al., 2000) :
The natural n-alkanes ratio (NAR) roughly estimates the proportions of natural and petroleum n-alkanes (Mille et al., 2007) . 
Carbon preference index (CPI)
Hydrocarbons in coastal marine environments are generally dominated by inputs from terrigenous sources. For example, the n-alkane of long-chain (C 25 -C 35 ) distribution exhibited high odd-to-even predominance, which differentiated between alkanes from vascular land plants from the alkanes belonging to bacteria and petroleum. The carbon preference index (CPI) is the common parameter obtained from this predominance; it is an indication of the source of n-alkane. n-Alkanes from land plant originating material showed a predominance of oddnumbered carbon chains with CPI$ 5-10 (Commendatore et al., 2012; Kanzari et al., 2014) . This study highlights that in the location of Ras Suder the CPI value was 6.24, whereas petrogenic inputs had a CPI approximately <1.0 (Pendoley, 1992) as in most studied locations. The values of CPI close to one are due to more input of recycled organic matter and/ or marine microorganisms (Kennicutt et al., 1987) . The CPI is also used to indicate the presence of straight-chain geolipids in organic geochemistry (Meyers and Ishiwatari, 1995) .
Average chain length (ACL)
The average chain length (ACL) is another method applied to study the source of n-alkanes in environment based on the concentration of the odd-carbon-numbers of the n-alkanes of higher plant (Poynter and Eglinton, 1990) . The vegetation type is the main influence on the length of the chain that belongs to the terrigenous leaf lipids. Lipids in leaf are derived from plants in forests may on average have shorter chain lengths than lipids in leaf from grasslands (Cranwell, 1973) . In the warmer climates, plants produce a longer-chain of n-alkanes (Jeng, 2006) . The ACL is very useful in the identification of the environmental changes of a particulate ecosystem. Little environmental changes occurring in a system are characterized by a constant value of ACL (Sakari et al., 2008) . In the present study, it was noticed that there are no considerable changes in the values of ACL between the studied locations, which may indicate that no environmental changes took place in the ecosystem (Table 3) . Both CPI and ACL are obtained using the n-alkanes data derived from higher plants, therefore, CPI and ACL are expected to correlate (Jeng, 2006) . In the present study, the correlation between the CPI and ACL values of the shellfish samples show that there is no correlation between CPI and ACL (r = 0.059); which may be attributed to the fact that both CPI and ACL were not from the same source of higher plants. It was also noted that when two (or more) n-alkanes that are characterized by different values of ACL or CPI, their ratio values usually varies nonlinearly and disproportionately (Jeng, 2006) .
Terrigenous/aquatic ratio (TAR)
A predominance of odd numbered (C 27 , C 29 , and C 31 ) nalkanes is a characteristic of the debris of higher plants from terrestrial (Rieley et al., 1991) , while the predominance of odd numbered (C 15 , C 17 , and C 19 ) n-alkanes indicates aquatic sources (Jaffe´et al., 2001) . The TAR, which is the ratio between the concentrations of short-chain to long-chain nalkanes, can be used to evaluate the importance of terrigenous inputs in comparison to aquatic ones. This study showed TAR ratio >1 for all studied locations, which assured that the source of the n-alkanes is from debris of higher plant from terrestrial (Bourbonniere and Meyers, 1996) .
Natural n-alkane ratio (NAR)
In petroleum hydrocarbons and crude oils, the NAR ratio is close to zero while in marine or higher terrestrial plants NAR ratio is close to 1. In the present study, the NAR ratio was close to 1, hence indicating that the hydrocarbons were from higher terrestrial plants or marine plant sources for most of the studied locations, results were given in Terrigenous/ Aquatic Ratio (TAR). To study the long-chain n-alkanes origin in the shellfish (i.e., the long-chain n-alkanes derived from either macrophytes or higher plant wax), the P aq was calculated and found to range from 0.04 to 1.0 (Table 3) . Ficken et al. (2000) reported that the P aq values are ranging from 0.01 to 0.23 in terrestrial plant waxes, whereas the values of P aq in the range from 0.48 to 0.94 are belonging to submerged/floating macrophytes. Generally, our results showed the contribution of both the higher plant/macrophyte waxes derived, and the phytoplankton-derived organic carbon.
From all the studied ratios (CPI, ACL, TAR, Paq, and NAR), it can be concluded that the n-alkanes found in collected shellfish from the Gulf of Suez, Gulf of Aqaba and the Red Sea are mainly from recycled organic matter and/or marine microorganisms.
Distribution and sources of polycyclic aromatic hydrocarbons (PAHs) Table 4 shows the names and some features of the detected PAHs in this study. Total PAH (RPAHs) concentrations in shellfish that were collected from the studied locations, varied significantly. The values ranged from 1.25 to 160.9 ng/ g dry wt. with an average of 47.9 ± 45.5 ng/g dry wt. (Table 5 ). The highest concentrations of RPAHs were recorded in the shellfish collected from Ras Suder (160.9 ng/g dry wt.), followed by those from Suez 1 (105.96 ng/g dry wt.), Safaga 2 (95.52 ng/g dry wt.) and Suez 2 (64.04 ng/g dry wt.). This indicated a wide range of PAHs from different sources such as municipal, agriculture and industrial effluent as well as oil spills at these locations (Table 6 ). Lower concentrations of Distribution and sources of n-alkanes and polycyclic aromatic hydrocarbons in shellfishRPAHs were detected in Ras Ghareb 2, El Tour, Na'ama Bay and Ras Ghareb 1 (11.61, 11.76, 14.04 ng/g dry wt., respectively). The variation in PAH content in the shellfish samples along the Red Sea coast may be related to variable sources of discharged waters, proximity to fuel combustion emissions and human activities. These results were lower than those obtained by a previous study of some selected locations of the Red Sea by El Nemr et al. (2004) , in which the concentration of total PAHs in the mussel tissues from the Red Sea varied in the range of 676-4666 ng/g dry wt. The PAHs values of the present study are lower than those recorded in the study done in the Arabian Gulf and Gulf of Oman to determine the concentrations of PAHs in bivalves collected from different sites in different countries (United Arab Emiraes, Qatar, Bahrain and Oman), which are known by their oil pollution. It was found that their concentrations of PAHs ranged from There was an insignificant correlation (r = 0.002) observed between RPAHs and n-alkane, which may reflect the effects of the direct inputs of different locations on the distribution and concentrations of PAHs. It was documented that the petroleum hydrocarbon concentrations were due to the influence of the local inputs and the localities influenced by human activities (Bixiong et al., 2007) . This conclusion can be observed in Table 6 that summarizes the different sources of pollutions along the Red Sea coast. Fig. 4 shows that Chrysene is the most abundant PAH in the shellfish collected from the Red Sea coast (294.6 ng/g dry wt.), followed by Anthracene (89.5 ng/g dry wt.), Fluoranthene (73.2 ng/g dry wt.) and Pyrene (55.3 ng/g dry wt.). Chrysene concentration is elevated at Dahab (34.76 ng/g dry wt.), Ras Suder (144.75 ng/ g dry wt.), Suez 1 (74.74 ng/g dry wt.) and Suez 2 (32.85 ng/ g dry wt.) which may be attributed to small past oil spill near these locations (Stogiannidis and Laane, 2015) . As reported further degradation of oil spill leads to the enhancement of the chrysene concentration relative to other PAH series, and to a significant decrease in the relative ratios of the sum of naphthalenes, phenanthrenes, dibenzothiophenes, and fluorenes, to chrysenes (Stogiannidis and Laane, 2015) .
Car-PAHs [benzo(a)anthracene, chrysene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene, dibenzo(a,h)anthracene, benzo(g,h,i)perylene, and indeno(1,2,3-cd)pyrene] are eight PAHs typically considered as possible carcinogens (IARC, 1983) . Benzo(a)pyrene is the highly carcinogenic PAH (Wang et al., 2002) . The highest concentration value of the RPAH CARC was the value recorded at Ras Suder with a concentration of 147.2 ng/g dry wt., which also recorded the highest carcinogenic PAH percentage (% CARC = 91.5%). This indicates the adverse effect of these shellfish on human health (Table 7) .
The ratio of the sum belonging to the major combustion specific compounds (RCOMB = Pyr, Flu, BbF, BaA, Chry, BaP, InP, BghiP, and BkF) to the sum of 16 EPA-PAHs (% RCOMB/RPAHs) ranged from 32.4% to 93.9% and the RCOMB concentrations displayed values from 1.1 to 149.4 ng/g dry wt. (Table 7) ; The high ratio values of RCOMB/RPAHs further indicated an extensive combustion activities affected the PAH concentration in the shellfish samples collected from the Egyptian coast of the Red Sea.
In order to characterize the PAHs in respect to their sources, some diagnostic ratios were considered (El Nemr, 2008; El Nemr et al., 2007 . To assess the combustion (pyrogenic) and petroleum inputs, the ratios of some PAHs such as Phen/Ant, Flu/Py, Flu/(Flu + Py), and Flu/(Flu + Phe) were also calculated (Shi et al., 2007) . Petroleum often contains more thermodynamically stable PAHs (e.g., Phe) than the less stable PAHs (e.g., Ant). Therefore, PAHs from petroleum usually have high Phen/Ant ratios. Bivalves with Phen/Ant > 10 are mainly contaminated by petroleum hydrocarbons, and bivalves with Phen/Ant < 10 are typical Distribution and sources of n-alkanes and polycyclic aromatic hydrocarbons in shellfishimpacted by combustion residues (Unlu¨and Alpar, 2006) . In the present study, the ratio of individual PAH compounds was almost stable in all locations indicating that the sources of PAH contamination might be the same. The Phe/Ant ratio (<10) is recorded in all stations (Table 7) indicating pyrolytic source (Tsapakis et al., 2003) . Certain PAH components ratios of the same molecular weight are well established as an index to study PAH composition and deduce their possible sources (Yunker et al., 1996) . Each source of PAHs may provide a signature or an individual profile, which can be used in the source identification of the PAHs (Kannan et al., 2005) . PAH concentration ratios of the same molecular weight such as Flur/(Flur + Pyr) and Ant/(Ant + Phe) were used to study the possible sources of PAHs. Fig. 5 shows the PAHs molecular ratios in bivalves at different sampling sites in this study. Ant/(Ant + Phe) ratios in all of the studied location were mostly higher than 0.1 with an average of 0.49, except in Shalateen Rahaba in which the value is 0. The ratio's data showed that the PAHs might be derived from combustion sources. The Flur/(Flur + Pyr) ratios were mostly higher than 0.5 with an average of 0.55, showing that the wood, grass and coal combustion could be the possible sources of PAHs. The combustion of crop residues might be the possible source of PAHs in seawater and consequently in the bivalves. However, Flur/(Flur + Pyr) ratios in biota from Ras Mohamed, Ras Ghareb 1, Ras Ghareb 2, Safaga 1, NIOF (Hu) 2 were below 0.5 showing some petrogenic input of PAHs. Fig. 6 shows evidence of more contributions from petroleum combustion of PAHs for all stations. Shellfish samples contaminated with PAHs, that present Ant/(Ant + Phe) ratio > 0.10 and Fl/(Fl + Pyr) ratio > 0.50, show that combustion products are predominant. It was the same case for BaA/(BaA + Chry) ratio > 0.35 that is together associated with Fl/(Fl + Pyr) ratio > 0.40. Thus, the PAH isomer ratios showed that the PAHs in shellfish samples of the studied locations were mainly derived from combustion sources (Kanzari et al., 2014) . The distribution of different PAHs rings also indicates different sources of the PAHs from petrogenic and pyrogenic origins. This is because PAHs from a petrogenic origin predominantly consist of lower molecular weights (two and three rings), whereas the pyrogenic origin PAHs generally have higher molecular weights, such as four-and five-ring PAH species (Kannan et al., 2005) . PAH carcinogenic potency was divided into three groups of (2 + 3)-, 4-, (5 + 6)-ring. Fig. 7 shows the triangular diagram of percentage average concentrations of different ring number PAHs in different sampling location (Wang et al., 2011; Shao et al., 2014) . Fig. 7 shows that the PAHs of 4, 5 or 6 rings are the abundant PAHs in the shellfish collected along the Red Sea coast (73.94%), while those of 2 and 3 rings represent 26.17% of total PAHs. These results indicated that the source of PAHs in most studied locations mainly came from pyrolytic origin. The results reveal how pyrolytic sources were the main contributors in the shellfish along the Red Sea coast while few petrogenic inputs of PAHs also existed.
Cancer risk assessment
The BaP-equivalent (BaPE) is used as a safer way to assess the carcinogenic risk due to the contamination by PAHs. The BaPE not only included the risk due to BaP, but it also calculated all of the carcinogenic PAHs, where each of PAH weighed according to its carcinogenicity in relation to the carcinogenicity of BaP, which is measured by 1. This index can be calculated by the next equation (Liu et al., 2009 ). 
Conclusion
This study provides valuable information about the distribution, transport and sources of n-alkanes and PAHs in the shellfish samples obtained from the Suez Gulf, Aqaba Gulf and the Red Sea proper. The n-alkanes found in collected shellfish from the Gulf of Suez, Gulf of Aqaba and the Red Sea proper were mainly from recycled organic matter and/or marine microorganisms. A total concentration of 16 PAHs ranged from 1.25 to 160.9 ng/g dry wt. in the shellfish of the Red Sea coast. The PAH concentration in the shellfish samples can be classified as low concentration levels. Therefore, now, the adverse effects and toxicity of PAHs on the exposed bioorganisms in the studied area are of low concern. This study show that the sources of PAHs obtained through the use of diagnostic ratios are from both pyrogenic and petrogenic sources derived from combustion (through atmospheric input) and also from fresh petrogenic inputs with a dominance of pyrogenic PAHs. The BaP-equivalent (BaPE) was high at Safaga, Ras Mohamed and Na'ama Bay. 
